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TECHNIQUE AND APPARATUS FOR
DEPOSITING THIN LAYERS OF
SEMICONDUCTORS FOR SOLAR CELL
FABRICATION

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims the benefit of prior U.S. Provi-
sional Application Ser. No. 60/5352,736, filed Mar. 15, 2004
and incorporated herein by reference.

FIELD OF THE INVENTION

The present mnvention relates to method and apparatus for
preparing thin films of semiconductors for radiation detector
and photovoltaic applications.

BACKGROUND

Solar cells are photovoltaic devices that convert sunlight
directly into electrical power. The most common solar cell
material 1s silicon, which 1s in the form of single or poly-
crystalline walers. However, the cost of electricity generated
using silicon-based solar cells 1s higher than the cost of
clectricity generated by the more traditional methods. There-
fore, since early 1970°s there has been an eflort to reduce
cost of solar cells for terrestrial use. One way of reducing the
cost of solar cells 1s to develop low-cost thin film growth
techniques that can deposit solar-cell-quality absorber mate-
rials on large area substrates and to fabricate these devices
using high-throughput, low-cost methods.

Group IBIITAVIA compound semiconductors comprising,
some of the Group IB (Cu, Ag, Au), Group IIIA (B, Al, Ga,
In, TI) and Group VIA (O, S, Se, Te, Po) materials or
clements of the periodic table are excellent absorber mate-
rials for thin film solar cell structures. Especially, com-
pounds of Cu, In, Ga, Se and S which are generally referred
to as CIGS(S), or Cu(In,Ga)(S,Se), or Culn,_ Ga, (S,
Se,_ ). where 0=x=1, 0=y=1 and k 1s approximately 2,
have already been employed in solar cell structures that
yielded conversion etliciencies approaching 20%. Absorbers
contaiming Group IIIA element Al and/or Group VIA ele-
ment Te also showed promise. Therefore, in summary,
compounds containing: 1) Cu from Group IB, 11) at least one
of In, Ga, and Al from Group IIIA, and 111) at least one of S,
Se, and Te from Group VIA, are of great interest for solar
cell applications.

The structure of a conventional Group IBIIIAVIA com-
pound photovoltaic cell such as a Cu(In,Ga,Al)(S,Se, Te),
thin film solar cell 1s shown i FIG. 1. The device 10 1s
tabricated on a substrate 11, such as a sheet of glass, a sheet
of metal, an isulating foil or web, or a conductive foil or
web. The absorber film 12, which comprises a material in the
tamily of Cu(In,Ga,Al)(S,Se, Te),, 1s grown over a conduc-
tive layer 13, which 1s previously deposited on the substrate
11 and which acts as the electrical contact to the device.
Various conductive layers comprising Mo, Ta, W, Ti, and
stainless steel etc. have been used 1n the solar cell structure
of FIG. 1. If the substrate itself 1s a properly selected
conductive material, it 1s possible not to use a conductive
layer 13, since the substrate 11 may then be used as the
ohmic contact to the device. After the absorber film 12 is
grown, a transparent layer 14 such as a CdS, ZnO or
CdS/Zn0O stack 1s formed on the absorber film. Radiation 15
enters the device through the transparent layer 14. Metallic
orids (not shown) may also be deposited over the transparent
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layer 14 to reduce the eflective series resistance of the
device. The preferred electrical type of the absorber film 12
1s p-type, and the preferred electrical type of the transparent
layer 14 1s n-type. However, an n-type absorber and a p-type
window layer can also be utilized. The preferred device
structure of FIG. 1 1s called a “substrate-type™ structure. A
“superstrate-type” structure can also be constructed by
depositing a transparent conductive layer on a transparent

superstrate such as glass or transparent polymeric foil, and
then depositing the Cu(ln,Ga,Al)(S,Se, Te), absorber film,
and finally forming an ohmic contact to the device by a
conductive layer. In this superstrate structure light enters the
device from the transparent superstrate side. A variety of
matenals, deposited by a variety of methods, can be used to
provide the various layers of the device shown in FIG. 1.

In a thin film solar cell employing a Group IBIIIAVIA
compound absorber, the cell efliciency 1s a strong function
of the molar ratio of IB/IIIA. If there are more than one
Group IIIA matenals 1n the composition, the relative
amounts or molar ratios of these I11A elements also aflect the
properties. For a Cu(In,Ga)(S,Se), absorber layer, for
example, the efliciency of the device 1s a function of the
molar ratio of Cu/(In+Ga). Furthermore, some of the impor-
tant parameters of the cell, such as 1ts open circuit voltage,
short circuit current and fill factor vary with the molar ratio
of the IIIA elements, 1.e. the Ga/(Ga+In) molar ratio. In
general, for good device performance Cu/(In+Ga) molar
ratio 1s kept at around or below 1.0. As the Ga/(Ga+In) molar
ratio increases, on the other hand, the optical bandgap of the
absorber layer increases and therefore the open circuit
voltage of the solar cell increases while the short circuit
current typically may decrease. It 1s important for a thin film
deposition process to have the capability of controlling both
the molar ratio of IB/IIIA, and the molar ratios of the Group
IIIA components 1n the composition. It should be noted that
although the chemical formula 1s often written as Cu(In,Ga)
(S,Se),, a more accurate formula for the compound is
Cu(In,Ga)(S,Se),, where k 1s typically close to 2 but may not
be exactly 2. For simplicity we will continue to use the value
of k as 2. It should be further noted that the notation
“Cu(X,Y)” mn the chemical formula means all chemical
compositions of X and Y from (X=0% and Y=100%) to
(X=100% and Y=0%). For example, Cu(In,Ga) means all
compositions from Culn to CuGa. Similarly, Cu(In,Ga)(S,
Se), means the whole family of compounds with Ga/(Ga+In)
molar ratio varying from O to 1, and Se/(Se+S) molar ratio
varying from 0 to 1.

The first technique that yielded high-quality Cu(In,Ga)Se,
films for solar cell fabrication was co-evaporation of Cu, In,
Ga and Se onto a heated substrate 1n a vacuum chamber.
However, low materials utilization, high cost of equipment,
difficulties faced 1n large area deposition and relatively low
throughput are some of the challenges faced in commercial-
ization of the co-evaporation approach.

Another technique for growing Cu(In,Ga)(S,Se), type
compound thin films for solar cell applications 1s a two-stage
process where metallic components of the Cu(In,Ga)(S,Se),
material are first deposited onto a substrate, and then reacted
with S and/or Se 1n a high temperature annealing process.
For example, for CulnSe, growth, thin layers of Cu and In
are lirst deposited on a substrate and then this stacked
precursor layer 1s reacted with Se at elevated temperature. I
the reaction atmosphere also contains sulfur, then a Culn(S,
Se), layer can be grown. Addition of Ga 1n the precursor
layer, 1.e. use of a Cu/n/Ga stacked film precursor, allows the

growth of a Cu(In,Ga)(S,Se), absorber.
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Sputtering and evaporation techniques have been used 1n
prior art approaches to deposit the layers containing the
Group IB and Group IIIA components of the precursor
stacks. In the case of CulnSe, growth, for example, Cu and
In layers were sequentially sputter-deposited on a substrate
and then the stacked film was heated 1n the presence of gas
containing Se at elevated temperature for times typically
longer than about 30 minutes, as described 1n U.S. Pat. No.
4,798,660. More recently U.S. Pat. No. 6,048,442 disclosed
a method comprising sputter-depositing a stacked precursor
film comprising a Cu—Ga alloy layer and an In layer to
form a Cu—Ga/ln stack on a metallic back electrode layer
and then reacting this precursor stack film with one of Se and
S to form the absorber layer. U.S. Pat. No. 6,092,669
described sputtering-based equipment for producing such
absorber layers. Such techniques may vyield good quality
absorber layers and etlicient solar cells, however, they sufler
from the high cost of capital equipment, and relatively slow
rate of production.

One prior art method described 1n U.S. Pat. No. 4,581,108
utilizes a low cost electrodeposition approach for metallic
precursor preparation. In this method a Cu layer i1s first
clectrodeposited on a substrate. This 1s then followed by
clectrodeposition of an In layer and heating of the deposited
Cu/In stack 1 a reactive atmosphere containing Se.
Although low-cost 1n nature, this technique was found to
yield CulnSe, films with poor adhesion to the Mo contact
layer. In a publication (“Low Cost Thin Film Chalcopyrite
Solar Cells”, Proceedings of 18”7 IEEE Photovoltaic Spe-
cialists Cont., 1985, p. 1429) electrodeposition and seleni-
zation of Cu/In and Cu/In/Ga layers were demonstrated for
CIS and CIGS growth. One problem area was identified as
peeling of the compound films during solar cell processing.
Later, in another reference (“Low Cost Methods for the
Production of Semiconductor Films for CIS/CdS Solar
Cells”, Solar Cells, vol. 21, p. 65, 1987) researchers studied
the cross-section of Mo/CulnSe, interface obtained by the
above-mentioned method and found the CulnSe, to have
poor adhesion to the Mo contact layer.

Irrespective of the specific approach used 1n a two-stage
process, growing for example a Cu(In,Ga)(S,Se), absorber
f1lm, individual thicknesses of the layers forming the metal-
lic stacked structure need to be controlled so that the two
molar ratios mentioned belore, 1.e. the Cu/(In+Ga) ratio and
the Ga/(Ga+In) ratio, can be kept under control from run to
run and on large area substrates. The molar ratios attained in
the metallic stacked structures are generally preserved in
macro scale during the reaction step, provided that the
reaction temperature 1s kept below about 600° C. Therelore,
the overall or average molar ratios 1 the compound film
obtained after the reaction step i1s about the same as the
average molar ratios 1n the metallic stacked structures before
the reaction step. In prior art approaches all the Cu, In and/or
(Ga required for the final desired molar ratios are deposited
on the substrate before the reaction step with S and/or Se. In
other words, to grow a Cu, (In, ;Ga, ,Se_, where X 1s close
to 2, for example, the prior art techniques typically deposit
a Cu/In/Ga stack, a In/Cu/Ga stack or a Cu—Ga/In stack, so
that the Cu/(In+Ga) molar ratio of the stack 1s 0.8 and the
Ga/(Ga+In) molar ratio of the stack 1s 0.2. This metallic
stack 1s then selenized at high temperatures to form the
compound. One problem associated with such approaches i1s
that these precursors are relatively thick (500-1500 nm) and
are typically rich in Group IIIB components of In and Ga,
which have low melting points of about 156° C. and 30° C.,
respectively, and they cause micro-scale non-uniformities,
as will be discussed next.
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FIGS. 2a-2¢ demonstrate the problem of micro-scale
non-uniformities which may be present in the metallic
precursor layers, especially those with IB/IIIA molar ratios
of less than or equal to 1. FIG. 2a schematically shows an
exemplary Cu/In/Ga metallic stack with the exemplary
overall molar ratios of Cu/(In+Ga)=0.8 and Ga/(Ga+In)=0.2
on a substrate. In this approach, a contact film 21 1s {first
deposited onto a substrate 20, forming a base 22. A Cu layer
23 1s then deposited over the contact film 21. The thickness
of the Cu layer 23 may, for example, be about 200 nm. This
Cu thickness and the desired molar ratios cited above require
deposition of about 440 nm thick ID layer and about 80 nm
thick Ga layer. These calculations can be made assuming
densities of Cu, In and Ga to be 8.96 g/cc, 7.31 g/cc and 5.91
g/cc, respectively, and the atomic weights to be 63.54 g,
114.76 g and 69.72 g, respectively. Using a density value of
5.75 g/cc and a molar weight of 306.66 g for the selenized
compound of Cu, .In, Ga, ,Se, o, 1t 15 also calculated that
the metallic precursor of this example would yield approxi-
mately 1880 nm thuck CIGS layer, assuming 100% density.
The optimum thickness of CIGS layers for thin film solar
cell applications 1s in the range of 500-5000 nm, preferably
in the range of 700-2000 nm, smaller thicknesses being
preferable because 1t reduces materials cost.

Referring back to FIG. 2a, deposition of about 200 nm
thick Cu layer 23 1s followed by the deposition of a
nominally 440 nm thick In layer 24 and a nominally 80 nm
thick Ga layer 25. The Cu layer 23 1n the resulting metallic
precursor stack 26 1s shown as smooth and uniform,
whereas, the In and Ga layer surfaces are depicted as
non-planar. Although the surface morphologies of these
layers depend strongly on the deposition techniques used, 1t
1s generally true that low-melting-temperature metals such
as In and Ga tend to “ball” when deposited 1n thin film form,
especially if they are deposited on top of each other. It
should be noted that melting temperature of (Ga+In) mix 1s
lower than the melting temperature of In which 1s around
156° C.

The metallic precursor layer 26 of FIG. 2a may have the
desired Cu/(In+Ga) and Ga/(Ga+In) molar ratios in a global
sense or 1n macro scale. However, in micro scale the
situation 1s quite different as can be seen 1n FIG. 256 which
shows a magnified view of the region 27 of FIG. 2a. Since
the In layer thickness “t1” at and around point “A” 1s much
larger than the In layer thickness “t2” at point B, the local
Cu/(In+Ga) ratio 1s much smaller at and around point “A”
than at and around point “B”. Furthermore Ga/(Ga+In) ratio
1s also different at these two points, 1.e. higher at point B
compared to point A. It should be appreciated that after the
reaction step with Se these micro-scale non-uniformities in
the molar ratios of the metallic components are mostly
transierred to the compound, yielding a CIGS layer that has
in-plane compositional variations due to varying Cu/(In+
Ga) and Ga/(Ga+In) ratios. This situation 1s schematically
shown i FIG. 2¢, which depicts a compound layer 29
obtained by reacting the precursor stack of FIG. 256 with Se.
The region R1 1n FIG. 2¢ corresponds approximately to the
areca around point A 1 FIG. 26 and the region R2 corre-
sponds approximately to the area around point B 1n FIG. 2b.
Accordingly, region R1 1s an In-rich region and region R2 1s
a Cu-rich region. It should be noted that boundaries between
these regions may not be as defined as suggested 1n FIG. 2c¢.
Boundaries are shown as such just to demonstrate the point.
In real films even the crystalline structures of these regions
may be different. Cu-rich regions, after selenization, may
contain large faceted grains of Cu-selenides, whereas, In or
Ga-rich regions would be smoother with smaller grains.
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When a solar cell 1s fabricated on the compound layer 29 of
FIG. 2¢, the copper rich region R2 containing highly con-
ductive Cu-selenide phases would increase the leakage
current across the device and reduce 1ts voltage output,
whereas the In-rich region R1 would increase its series
resistance. Both eflects would deteriorate the solar cell
clliciency if they are extreme. Since the non-uniform surface
morphologies such as the one depicted 1n FIGS. 2a-2¢ vary
from run to run and from substrate to substrate, repeatability
of the manufacturing process of this solar cell would also be
poor and the vield for high efliciency large area device
tabrication would be low. For best solar cell efliciencies and
high manufacturing yields compound layers with macro-
scale as well as micro-scale compositional uniformity are
needed.

It should be noted that the example given above explained
the micro-scale non-uniformity problem for the case of
non-uniform or rough Group IIIA layer deposited on a
smooth Group IB layer. However, similar problems are
observed even if the morphologies of In and Ga layers were
smooth 1n their as-deposited state. The reason 1s that even 11
the starting morphologies of In and Ga were smooth, during,
the reaction step with the Group VIA material, such as Se,
the metallic precursor 1s heated up, typlcally to temperatures
above 350° C. As the heating step 1s performed, In and Ga
start to melt at temperatures above about 30° C. before
reacting with the Group VIA material and they de-wet the
substrate they are deposited on such as the Cu surface. This
de-wetting phenomenon forms “balls” giving rise to rough
morphologies similar to the one shown in FIG. 2b. Further-
more, balling becomes more extensive as the amount of the
low-melting phase (1n and/or Ga) 1n the stack 1s increased or
the thickness of In and/or Ga layers are increased.

FIG. 3a shows an exemplary metallic precursor stack 36
deposited over a base 22, wherein the base 22 comprises a
substrate 20 and a contact film 21 as in FIG. 2a, and the
metallic precursor stack 36 comprises a substantially smooth
Cu layer 33, a substantially smooth In layer 34 and a
substantially smooth Ga layer 35, which may be deposited
onto the base 22 by various thin film deposition techniques
such as evaporation, sputtering or electrodeposition by tak-
ing certain measures such as keeping the base at below room
temperature by forced cooling during deposition. In this
example, the mndividual Cu, In and Ga layers within the stack
36 have flat surface morphologies. FIG. 3b shows the
morphology of this precursor stack after 1t 1s heated up to a
temperature of for example 160° C., which 1s higher than the
In melting temperature as well as the melting temperature of
the (Ga+In) composition lying over the Cu layer 33. Since
the (Ga+In) composition of our example 1s 20% Ga and 80%
In, the melting temperature i1s 1n the range of 100-120° C.
according to the In—Ga binary phase diagram. The surface
morphology of the (In+Ga) layer of FIG. 35 1s very non-
uniform and would give rise to the micro-scale composi-
tional non-uniformities 1n the compound layers fabricated
using such precursors as described before with reference to
FIGS. 2a, 26 and 2c¢. It should be noted that although the
interface between the Cu layer 33 and the (In+Ga) layer 36a
of FIG. 35 1s shown to be sharp, this interface 1n practice
may be diffused depending upon the temperature of the heat
treatment step.

One approach to address the micro-scale non-uniformity
problem 1s described 1 U.S. Pat. No. 5,567,469 awarded to
Wada et al. In this approach a portion of the low-melting
phase or component, e.g. mdium, i1s introduced into the
precursor layer 1n the form of a compound selected from the
group consisting of oxides, selemdes and sulfides. These
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compounds of In have very high melting points. Therefore,
when the precursor 1s heated up to perform the reaction step
with Group VIA component(s), melting and balling of In 1s
reduced since at least some of the In 1s in the form of a high
melting point compound.

The discussion above concentrated on the problem of
micro-scale compositional non-uniformities in metallic pre-
cursor layers used 1n prior art two-stage process approaches.
An additional important problem, namely adhesion, was also
identified for metallic precursor layers obtained by the low
cost electrodeposition technique. Although electrodeposi-
tion 18 attractive to use 1n terms of its lower cost, there are
other limiting factors in using the prior art electroplating
approaches for the preparation of metallic Group IB and
Group IIIA elemental stacks for the fabrication of Group
IBIITAVIA compound films as will be described below.

Cu, In and Ga have very diflerent plating potentials. The
molar standard electrode potentials of Cu/Cu”*, In/In>* and
Ga/Ga>* metal/ion couples in aqueous solutions are about
+0.337 V, -0.342 V, and -0.52 V, respectively. This means
that Cu can be plated out at low negative voltages. For In
deposition, on the other hand, larger negative voltages are
needed. For Ga deposition even larger negative voltages are
required. Therefore, to form a stack contaiming Cu, In and
Ga, Cu 1s typically electroplated first. This 1s then followed
by deposition of In and then Ga. Otherwise, while electro-
plating one species, the other species on which deposition 1s
carried out may partially dissolve into the electrolyte. For
example, 11 a stack of Cu/Ga/ln 1s electrodeposited, while
depositing In over Ga, some Ga may be dissolving into the
In deposition solution. This then would lead to poor control
over Cu/(Ga+In) and Ga/(Ga+In) molar ratios in the pre-
cursor and the absorber layer after 1ts formation. Similarly,
deposition of a Cu layer over an In layer may result 1n loss
of In from the In layer into the Cu plating electrolyte during
processing. Therelore, prior-art methods have employed
Cu/In/Ga stacks electroplated in that order. However, after
selenization such stacks yielded compound layers with poor
adhesion to the base or the substrate. Furthermore, compo-
sitional micro-scale non-uniformities such as those
described with reference to FIGS. 3a and 356 did not allow
formation of high quality Group IBIIIAVIA layers suitable
for the fabrication of high efhiciency solar cells. It should be
appreciated that thin film deposition techniques with adhe-
sion problems cannot be reliably scaled up for manufactur-
ing of electronic devices, especially solar cells which are
expected to have a lifetime of over 20 years.

As the brief review above demonstrates, there 1s still a
need to develop low-cost deposition techniques to form
high-quality, dense, well-adhering Group IBIIIAVIA com-
pound thin films with macro-scale as well as micro-scale
compositional uniformities.

SUMMARY OF THE

INVENTION

The present invention advantageously provides for, in
different embodiments, low-cost deposition techniques to
form high-quality, dense, well-adhering Group IBIIIAVIA
compound thin films with macro-scale as well as micro-
scale compositional uniformities.

In one embodiment, there 1s provided a method of grow-
ing a Group IBIITAVIA semiconductor layer on a base. The
method 1ncludes depositing on the base a film of Group 1B
material and at least one layer of Group IIIA matenal,
intermixing the film of Group IB matenal and the at least
one layer of Group IIIA material to form an intermixed layer,
and forming over the intermixed layer a metallic film
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comprising at least one of a Group IIIA matenial sub-layer
and a Group IB material sub-layer.

In a preferred embodiment, the method further includes
the step of reacting the intermixed layer and the metallic film
with a Group VIA material to grow the desired semicon-
ductor layer.

In various other embodiment, particular combinations of
materials 1n different layers, as well as a plurality of layers
forming a stack are described, with various intermixing and
annealing combinations recited.

In another aspect of the invention, there 1s provided
method of growing a Group IBIITAVIA semiconductor layer
on a base. In this aspect, on the base a metallic precursor 1s
formed comprising a Group IB material, the metallic pre-
cursor containing a rough surface and microscale composi-
tional non-uniformity, followed by the step of electrodepos-
iting a Group IIIA material over the metallic precursor to
form a stack and thereby substantially reduce the rough
surface and obtain microscale compositional uniformity of
the stack.

BRIEF DESCRIPTION OF THE

DRAWINGS

These and other aspects and features of the present
invention will become apparent to those ordinarily skilled 1n
the art upon review of the following description of specific
embodiments of the invention in conjunction with the
accompanying figures, wherein:

FIG. 1 1s a cross-sectional view of a solar cell employing
a Group IBIIIAVIA absorber layer;

FIG. 2a shows a prior art Cu/In/Ga metallic precursor
stack deposited on a base exemplilying the non-uniform
surface morphology of In and Ga layers due to “balling;”

FIG. 2b shows a larger view of section 27 i FIG. 2A;

FIG. 2¢ shows a prior art Group IBIIIAVIA compound
film with micro-scale compositional non-uniformity that 1s
obtained by reacting the metallic precursor layer shown 1n
FIG. 26 with a Group VIA material;

FIG. 3a shows a Cu/In/Ga metallic precursor stack depos-
ited on a base exemplifying a uniform surface morphology
in 1ts as-deposited form;

FIG. 35 shows the metallic precursor of FIG. 3q after 1t 1s
heated to elevated temperatures exemplifying formation of a
non-uniform surface morphology due to melting of Group
IIIA phases;

FIG. 4 shows a Cu—In binary phase diagram;

FIG. 5 shows a Cu—Ga binary phase diagram:;

FIGS. 6a-6d show a preferred process sequence of the
present mvention;

FIG. 7 shows a preferred precursor stack comprising
Cu—Ga alloy and In layers;

FIG. 8a shows a first metallic precursor sub-layer with
non-flat surface topography;

FIG. 36 shows a second metallic sub-layer deposited on
the non-flat surface of the first metallic sub-layer, forming a
flat surface topography;

FIG. 9 shows an overall precursor layer with flat surface
comprising a porous and rough precursor film and an
clectroplated layer deposited over it in a leveling fashion;

FIG. 10 shows an apparatus for electroplating, cleaning
and annealing thin layers;

FIG. 11a shows a Cu layer deposited on a base;

FIG. 115 shows a Cu/(Ga-bearing film) stack deposited on
a base; and

FIG. 11¢ shows the alloy layer formed on the base by
reacting the stack of FIG. 115.
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DETAILED DESCRIPTION

Present invention overcomes the shortcomings of prior art
tee.mlques by addressing the important manufacturability
and yield 1ssues such as micro-scale compositional control
and adhesion of the semiconductor absorber films to their
substrates. It also enables low cost manufacturing of thin
film solar cells.

In one embodiment, the metallic precursor preparation
step 1s divided 1nto at least two sub-steps to enhance more
intimate mixing and reaction between the Group IB mate-
rials and Group IIIA materials, to reduce de-wetting of the
substrate by the low melting point Group IIIA material
phases and to reduce micro-scale compositional non-unifor-
mity. As shown 1n FIGS. 6a-6d the first step of this metallic
precursor preparation approach 1s the deposition or applica-
tion of a first layer 60 and a first film 61 over a base 22. The
terms layer and film are used interchangeably herein, though
at times diflerent terminology 1s used solely for convenience
of differentiating words, and should be construed as such.
Similarly, depositing of layers on a substrate 1s also referred
to herein as growing of layers on the substrate or application
of layers to the substrate. It should be noted that the base 22
may be similar to the base shown 1n FIG. 3a. Layers within
the base 22 are not shown to simplify the drawing so that the
invention could be described more clearly.

Referring back to FIG. 6a, the first layer 60 comprises at
least one Group IB material and the first film 61 comprises
at least one Group IIIA material. Although what 1s shown 1n
FIG. 6a1s the preferred deposition order of the first layer and
the first film, 1t 1s possible to change this order, 1.¢. to deposit
the first film 61 first on the base 22 and to deposit the first
layer 60 over the first film 61. The preferred thickness for the
first layer 60 1s i the 10-150 nm range, more preferably 1n
the 50-100 nm range. The preferred thickness for the first
film 61 1s 1n the 20-250 nm range, more preferably in the
100-200 nm range. The structure shown 1n FIG. 6a 1s treated
at a first treatment step to promote mtermixing between the
first layer 60 and the first film 61. The first treatment step
may comprise heating, microwave treating, laser treating
etc. of the structure. Treatment may be carried out 1n air, 1n
vacuum, 1n a reducing atmosphere comprising for example
hydrogen or carbon monoxide or in a substantially inert
atmosphere at a temperature within the range ot 50-350° C.,
preferably within the range of 80-200° C., for a time period
varying from one second for the case of laser treating to 30
minutes for the case of furnace annealing. Preferably treat-
ment 1s carried out for a period of 5-600 seconds, more
preferably for a period of 5-300 seconds. The first treatment
step results 1n a first intermixed layer 62 on the base 22 as
shown 1n FIG. 6b. The intermixed layer 62 comprises Group
IBIIIA solid solutions and/or alloys and has a much
smoother surface morphology compared to the layer
depicted 1n FIG. 35 because the first film 61 comprising low
temperature melting Group IIIA materials 1s thin. With
thinner Group IIIA material layer, the surface tension 1s
lower and theretfore the balling phenomenon 1s less severe.

The next step in the process 1s deposition of a second layer
63 and a second film 64 on the first intermixed layer 62 as
shown 1n FIG. 6¢. The second layer 63 comprises at least one
Group IB material and the second film 64 comprises at least
one Group IIIA material. Although what 1s shown 1n FIG. 6¢
1s the preferred deposition or application order of the second
layer and the second film, it 1s possible to change this order,
1.€. to deposit the second film 64 on the first intermixed layer
62 and to deposit the second layer 64 over the second film
64. The preterred thickness for the second layer 63 is 1n the
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10-150 nm range, more preferably in the 50-100 nm range.
The preferred thickness for the second film 64 1s 1n the
20-250 nm range, more preferably in the 100-200 nm range.
The structure shown in FIG. 6¢ 1s treated at a second
treatment step to promote intermixing between the first
intermixed layer 62, the second layer 63 and the second film
64. The second treatment step may comprise heating, micro-
wave treating, laser treating etc. of the structure. Treatment
may be carried out 1n air, 1n vacuum, in a reducing atmo-
sphere or 1n a substantially inert atmosphere at a temperature
within the range of 50-350° C., preferably within the range
of 80-200° C., for a time period varying from one second for
the case of laser treating to 30 minutes for the case of furnace
annealing. Preferably treatment 1s carried out for a period of
5-600 seconds, more preferably for 3-300 seconds. The
second treatment step results 1n a second intermixed layer 65
on the base 22 as shown 1n FIG. 6d. The second intermixed
layer 65 comprises Group IBIIIA solid solutions and/or
alloys and has substantially flat surface morphology and
uniform micro-scale composition.

It should be noted that the deposition and treatment steps
described above may be repeated several times, preferably
2-5 times, to obtain a metallic precursor of desired thickness
and composition with micro-scale compositional uniformity.
If more steps are used, the individual thicknesses of the
deposited or applied layers may be reduced, improving the
surface morphology. After the desired thickness of the
Group IBIIIA metallic precursor 1s obtained, such as shown
in FIG. 6d, this precursor may be reacted with at least one
Group VIA material to form a Group IBIIIAVIA compound
layer with hugh density and good micro-scale compositional
uniformity. Referring back to FIG. 6c, optionally, once the
structure 1n this figure 1s obtained the structure may be
reacted with a Group VIA matenal without carrying out the
second treatment step. This way a Group IBIIIAVIA com-
pound layer with good micro-scale compositional unifor-
mity may also be formed. Referring back to FIGS. 6a-6d,
this preferred embodiment of the present invention improves
the surface morphology and micro scale compositional
uniformity of the metallic precursor by dividing the precur-
sor deposition process mmto multiple steps and introducing
intermixing or annealing steps. This way, non-uniformities
in 1ndividual intermixed layers are minimized since they are
thin. Even 11 there were non-uniformities in the first inter-
mixed layer formed on the base, the next intermixed layer
formed on the first one would reduce these non-umiformaities.

The mnvention will now be described using the example of
forming or growing a Cu, (In, ;Ga, ,Se, 4 layer.

EXAMPLE 1

A Mo coated glass sheet may be used as the base. A 100
nm thick Cu layer may be deposited over the Mo layer. This
1s then followed by the deposition of a 220 nm thick In film
and a 40 nm thick Ga layer. The stack 1s annealed at a
temperature of 80-200° C. for 5-600 seconds to enhance
alloying between Cu, In and Ga. Over the alloyed layer, 100
nm of Cu, 220 nm of In and 40 nm of Ga are then deposited
or applied. The precursor 1s selenized by well known
approaches such as 1n hydrogen selenide gas or selenium
vapor to form the Cu, .In, Ga, ,Se, ; compound. It should
be noted that selenization may be carried out by various
other means such as depositing Se over the metallic precur-
sor and heating up the stacked layer, heating the substrate 1n
a Se-containing gaseous or liquid atmosphere etc. for times
ranging from 5 minutes to 60 minutes.
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EXAMPLE 2

A Mo coated glass sheet may be used as the base. A 100
nm thick Cu layer may be deposited over the Mo layer. This
1s then followed by the deposition of a 220 nm thick In film
and a 40 nm thick Ga layer. The stack 1s annealed at a
temperature ol 80-200° C. for 5-600 seconds to enhance
alloying between Cu, In and Ga. Over the alloyed layer, a
100 nm of Cu, a 220 nm of In and 40 nm of Ga are then
deposited. A second anneal step 1s applied at 80-200° C. for
5-600 seconds to promote further alloying between the
layers of the metallic precursor. The precursor thus obtained
1s then selenized by well known approaches such as 1n
hydrogen selenide or selentum vapor to form the
Cu, <In, <Ga, ,Se, ; compound. It should be noted that
selenization may be carried out by various other means such
as depositing Se over the metallic precursor and heating up
the stacked layer, heating the substrate 1n a Se-containing
gaseous or liquid atmosphere etc. for times ranging from 35
minutes to 60 minutes.

EXAMPLE 3

The approaches i Example 1 or Example 2 are used
except that Cu, In and Ga layers may be deposited 1n four
steps 1nstead of two steps. Accordingly, thickness of Cu, In
and Ga for each deposition step may be reduced to 50 nm,
110 nm and 20 nm, respectively. By heat treating the layers
alter each deposition step for reduced times of preferably
2-300 seconds (except for the last one for the case of
Example 1), a smooth and compositionally uniform metallic
precursor may be obtained. Selenization of this precursor
yields compositionally  uniform, high  quality
Cu, <In, Ga, ,Se, , compound layer.

In another embodiment of the present invention the mor-
phology of the deposited films are further improved and the
micro-scale compositional umiformaity 1s further enhanced by
dividing the metallic precursor preparation step into at least
two sub-steps and selecting the composition of the sub-
layers deposited by the sub-steps such that the sub-layers
deposited early on the base do not contain substantial
amount of segregated Group IIIA materials after the treat-
ment steps promoting mixing and alloying between the
metallic components. This approach will now be explained
by using the phase diagrams shown in FIGS. 4 and 5.

FIG. 4 shows the binary phase diagram for Cu—In
(reference: P. R. Subramanian and D. E. Laughlin, Bulletin
of Alloy Phase Diagrams, vol. 10, No. 5, p. 554, 1989),
including the position of the stable alloy phase of Cu,,In,.
It can be seen from this diagram that 1f a film with Cu/In
ratio of less than 11/9 (1.22) 1s heated above about 156° C.,
a liguid phase of In-rich solution would segregate from a
Cu-rich phase of Cu,,In, and/or other Cu-rich Cu—In alloy
phases with around 30-37% In. If the Cu/In ratio 1s more
than and equal to 1.22 but less than about 1.7 (region A in
FIG. 4) and the temperature 1s 1n the 156-310° C. range, only
solid phases of Cu,,In, and those corresponding to about
37% In would be present in the film under equilibrium
conditions. If the Cu/In ratio 1s more than about 1.7, then
only Cu-rich solid phases would be present under equilib-
rium conditions up to a temperature of about 550° C.

Similarly, 1t can be seen from the Cu—Ga binary phase
diagram (reference: M. Hansen, Constitution of Binary
Alloys, McGraw Hill, 1938, p. 383) of FIG. 5 that compo-
sitions with a Ga/Cu ratio of larger than 2 would yield a
(Ga-rich liquid phase 1f heated to above 30° C. In region B
of the phase diagram (about 40-67% Ga, and temperatures
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up 254° C.) there would be only solid phases. For a Ga
content of about less than 40%, only solid phases would be
present even at high temperatures of above 3550° C.
Present embodiment of the mvention minmimizes hiquid
phase segregation during the mixing/alloying step of the
process by carefully selecting the Group IB/IIIA molar ratios
1.e. Cu/In, Cu/Ga or Cu/(In+Ga) molar ratios, of the sub-
layers deposited on the base. This way, de-wetting and
balling by the low-melting phases 1s minimized along with
micro-scale compositional non-uniformities resulting from
them as will be described 1n the example given below.

EXAMPLE 4

A CulnSe, layer may be formed on a Mo coated glass base
by carrying out the following steps; a) deposit a 200 nm of
Cu on the base, b) deposit a 360 um of In over the Cu so that
the Cu/In molar ratio 1s 1.22, ¢) treat the stack at a tem-
perature range ol 156-310° C., preferably for a time period
of 5-600 seconds, to form an alloyed layer comprising
substantially the Cu , In, solid phase, d) deposit 80 nm of In
over the alloyed layer, and ¢) selenize thus obtained metallic
precursor as described before. It should be noted that after
the last In deposition a low temperature anneal step, such as
at 100-200° C. for about 2-300 seconds, may also be carried
out before the selenization step to enhance intermixing
between the alloyed layer and the last In layer.

EXAMPLE 5

The process of Example 4 may be varied 1n a way that
even more Cu (alternately less In) may be deposited 1n steps
a) and b) so that the Cu/In ratio 1s more than 1.22 but is
within the region A of FIG. 4. In this case after step c¢) the
alloyed layer comprises Cu,, In, solid phase as well as other
solid phases shown 1n FIG. 4, with In content of 37% or less,
to the left of region A. In this case more In needs to be
deposited 1n step d) to compensate for the higher Cu/In ratio
of the alloyed layer. Rest of the steps would be similar to
those described 1n Example 4. It should be noted that the
Cu/In ratio 1n the alloyed layer may be made even higher by
selecting the thicknesses of the Cu and In layers correspond-
ing to less than about 37% In (to the left of region A). In this
case a much higher temperature range (up to about 600° C.)
may be used during the treating step ¢) without forming a
liquid phase to cause de-wetting and balling.

EXAMPLE 6

A CulnSe, layer may be formed on a Mo coated glass base
by carrying out the following steps; a) deposit 100 nm of Cu
on the base, b) deposit 180 nm of In so that Cu/In molar ratio
1s 1.22, ¢) treat the stack at a temperature range of 156-310°
C., preferably for a period of 2-300 seconds, to form an
alloyed layer comprising substantially the Cu,,In, solid
phase, d) repeat steps a), b) and ¢), and then ¢) deposit 80 nm
of In and, 1) selenize thus obtained metallic precursor as
described before. It should be noted that after the last In
deposition step a low temperature anneal step, such as at
100-200° C. for about 2-300 seconds, may also be carried
out before the selenization step to enhance intermixing
between the alloyed layer and the last In layer.

EXAMPLE 7

A CulnSe, layer may be formed on a Mo coated glass base
by carrying out the steps of Example 6 except that the
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thicknesses of the Cu and In films are adjusted 1n steps a),
b) and d) to yield Cu/In molar ratios of more than 1.22 and
the thickness of the In layer 1n step €) 1s adjusted to yield an
overall Cu/In ratio of I. In this case higher temperatures of
up to about 600° C. may be used 1n the treatment step c) for
even shorter time periods of 2-10 seconds, especially 11 the
overall In content 1n alloyed layers 1s less than about 37%.

EXAMPLE 8

A CuGaSe, layer may be formed on a Mo coated glass
base by carrying out the following steps; a) deposit 200 nm
of Cu on the base, b) deposit 264 nm of Ga so that Cu/Ga
molar ratio 1s about 1.5, ¢) treat the stack at a temperature
range of 30-600° C., preferably for a period of 3-600
seconds, to form an alloyed layer comprising substantially
the Cu-rich solid phases with compositions to the left of
region B 1n FIG. 5, d) deposit about 66 nm of Ga over the
alloyed layer to make the overall Cu/Ga ratio about 1, and
¢) selenize thus obtained metallic precursor as described
before. It should be noted that after the last Ga deposition
step a low temperature (preferably <254° C.) anneal may
also be carried out for a brief period such as for 2-300
seconds before the selenization step to enhance intermixing,
between the alloyed layer and the last Ga layer.

Examples 4-8 above described the present embodiment 1n
terms of CulnSe, and CuGaSe, film growth. Those skilled in
the art would recognize that same approaches may be
utilized for the growth of Cu(In,Ga)Se, or Cu(In,Ga)(SSe),
layers of varying compositions and 1n general for the growth
of many different Group IBIIIAVIA compound layers. One
specific embodiment which will be described 1n the example
below comprises depositing a Cu and In contaiming layer
which yields an alloy composition without low melting
phases after a first treatment step, and a Cu and Ga contain-
ing layer which yields an alloy composition without low
melting phases aiter a second treatment step. When formed
on top of each other these two layers form an overall
metallic precursor film with desired composition 1n macro as

well as micro scale.

EXAMPLE 9

A Cu(In, oGa, 5,)S¢, layer with k close to 2 may be
formed on a Mo coated substrate by carrying out the
following steps; a) deposit a Cu layer on the Mo surface, b)
deposit an In layer on the Cu layer so that the Cu/In molar
ratio 1s about 1.22, ¢) treat the stack at an elevated tempera-
ture, preferably at a temperature 1n the range of 156-310° C.
for a period of 35-600 seconds to form a first alloyed layer
comprising substantially the Cu,,In, solid phase, d) deposit
a Cu layer on the alloyed layer, ¢) deposr[ a Ga layer over
the Cu layer such that the Cu/Ga ratio 1s about 0.5, 1) treat
the stack at an elevated temperature preferably at a tem-
perature 1n the range of 30-254° C. for a perlod of 5-600
seconds to form a second alloyed layer comprising substan-
tially the CuGa, solid phase, g) selenize thus obtained
metallic precursor. It should be noted that the thicknesses of
Cu, In and Ga deposited 1n steps a), b), d) and €) may be
adjusted to adjust the overall stoichiometry or composition.
I the Cu thickness of step a), In thickness of step b), Cu
thickness of step d) and Ga thickness of step ¢) are selected
to yield one mole of Cu,,In, and two moles of CuGa,, the
overall composition of the metallic precursor would be
Cu,,In,Cu,Ga,, which 1s equivalent to Cu,;In,Ga, or
Culn, ,Ga, 5. When selenized, this provides a compound
layer with Cu/(In+Ga) ratio of 1 and Ga/(Ga+In) ratio of
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0.31. This 1s a desirable composition for high efliciency solar
cell fabrication. The treatment step, 1), may be skipped 1n the
process sequence. The deposition sequence may also be
altered. For example, steps d), €) and 1) may be carried out
first. This may than be followed by steps a), b) and option-
ally ¢). The overall precursor may then be selenized as 1n
step g). Deposition sequences may further be altered by
depositing In first Cu later and/or Ga first Cu later etc. The
approach described 1n this example 1s unique 1n terms of
utilizing two alloy compositions, one Cu—In alloy (Cu_ In,)
and one Cu—Ga alloy (CuGa,) which are stable solid
phases that do not melt at temperatures of up to about 254°
C. therefore yielding morphologically and compositionally
uniform metallic precursors which can be reacted with
Group VIA materials to form uniform Group IBIIIAVIA
compound layers. In that respect a CuGa,/Cu,,In, stack or
a Cu;,In /CuGa, stack with exemplary molar ratios men-
tioned above may be formed by any technique such as
sputtering, evaporation, e¢lectroplating etc., and then
exposed to Se and/or S to form a good quality compound
layer. It should be noted that the interface between the
Cu Ing and CuGa, layers of the stack 1s not expected to be
very sharp, 1.e. some degree of reaction and intermixing 1s
expected at this interface between the two alloy phases
during processing.

The Group IB and Group IIIA materials of the present
invention may be deposited by various thin film deposition
techniques such as sputtering, evaporation or wet electroless
deposition. One preferred method for practicing the teach-
ings of the present invention 1s the low cost electrodeposi-
tion technique, which when used 1n accordance with the
teachings of the present mvention provides technical ben-
efits beyond the already described economic benefits.

For the case of Cu(Iln,Ga)Se,, film growth Cu, In and Ga
layers are electrodeposited at controlled thicknesses and
alloying or imtermixing steps ol the process are used
employing furnace annealing, laser, microwave or RTP
(rapid thermal processing). Examples will be given below to
demonstrate the use of electrodeposition for growing a
Cu(In,Ga)Se  film with the exemplary composition of

2
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A Mo coated substrate may be used as the base. An
approximately 100 nm thick Cu layer may be electrodepos-
ited over the Mo layer. This 1s then followed by the elec-
trodeposition of an about 220 nm thick In film and a
nominally 40 nm thick Ga layer. The stack 1s annealed at a
temperature of 80-200° C. preferably for 5-600 seconds to
enhance alloying between Cu, In and Ga. Over the alloyed
layer, 100 nm of Cu, 220 nm of In and 40 nm of Ga 1s then
clectrodeposited. The precursor 1s selemzed by well known
approaches such as 1n hydrogen selenide gas or selenium
vapor for a time period of 5 minutes to 60 minutes to form
the Cu,, (In, ;Ga, ,Se, , compound. It should be noted that
selenization may be carried out by various other means such
as depositing Se over the metallic precursor and heating up
the stacked layer, heating the substrate 1n a Se-containing
gaseous or liquid atmosphere etc.

EXAMPL.

(Ll

11

A Mo coated substrate may be used as the substrate. An
approximately 100 nm thick Cu layer may be electrodepos-
ited over the Mo layer. This 1s then followed by the elec-

trodeposition of an about 220 nm thick In film and a

10

15

20

25

30

35

40

45

50

55

60

65

14

nominally 40 nm thick Ga layer. The stack 1s annealed at a
temperature of 80-200° C. preferably for 2-300 seconds to
enhance alloying between Cu, In and Ga. Over the alloyed
layer, a nominally 100 nm of Cu, a nominally 220 nm of In
and about 40 nm of Ga are then electrodeposited. A second
anneal step 1s applied at 80-200° C. preferably for 2-300
seconds to promote further alloying between the layers of
the metallic precursor. The precursor thus obtained 1s then
selenized by well known approaches such as in hydrogen
selenide or selenium vapor for a time period of 5 minutes to
60 minutes to form the Cu, (In, <Ga, ,Se,; o compound. It
should be noted that selenization may be carried out by
various other means such as depositing Se over the metallic
precursor and heating up the stacked layer, heating the
substrate 1n a Se-containing gaseous or liquid atmosphere
etc.

The present invention has unique capabilities to allow
cilicient use of the low cost electrodeposition technique for
the deposition of metallic components Cu, In and Ga. In
general Cu. In and Ga have very diflerent plating potentials.
Theretore, to form a metallic precursor stack contaiming Cu,
In and Ga, the Cu layer 1s typically electroplated first. This
1s then followed by deposition of all of the necessary In and
then all of the necessary Ga. Otherwise, while electroplating,
one species, the other species on which deposition 1s carried
out may partially dissolve into the electrolyte making com-
positional control very poor.

In an embodiment of the present invention Cu and at least
one Group IIIA component are electrodeposited first on a
base. A treatment step 1s then used to promote alloying and
formation of at least one Group IBIIIA alloy and/or solid
solution. Plating potentials of Group IIIA maternials within a
Group IBIIIA alloy and/or solid solution are shifted and the
amount ol Group IIIA material at the surface of the Group
IBIIIA alloy and/or solid solution film 1s also reduced. Both
of these factors allow electrodeposition of the next stack
ciliciently without loosing substantial Group IIIA material
into the plating solution of the next step. For example, a
precursor layer may be formed on a base as follows. A Cu
layer 1s first electrodeposited on the base. This 1s followed by
the electrodeposition of a Ga layer. The treatment step such
as heat treatment forms an alloyed Cu—Ga layer. Over the
Cu—Ga layer an In layer 1s electrodeposited. By diffusing
Ga 1nto the Cu layer and chemically tying Ga to Cu 1n a
Cu—Ga alloy composition or solid solution, the electrode
potential of Ga in the alloy 1s shifted compared to the
clectrode potential of pure Ga, and therefore electrodeposi-
tion of In over Cu—Ga alloy 1s achieved without much loss
of Ga into the In plating solution. Furthermore, the Ga
content on the surface of the Cu—Ga alloy or solid solution
layer 1s much less than the Ga content on the surface of the
Cu/Ga stack mitially electroplated on the base. Therefore,
(Ga content available at this surface for possible removal
during the In deposition step 1s drastically reduced by the use
of the alloying step of the present invention. Another benefit
of the process of the present invention 1s the fact that during
alloying Ga diffuses 1into Cu and/or Cu diffuses 1into Ga. The
result 1s that Ga 1s brought close to the interface of the
metallic precursor film and the base without compromising
compositional control. Bringing Ga close to the base
improves the adhesion of the Group IBIIIAVIA compound
layer to the base after the selenization and/or sulfidation
reaction steps. This argument may be made for all alloyed
layers obtained through the steps of the present mmvention
including all Cu—In alloys and Cu—Ga alloys.

Improved adhesion to the base may also be obtained by
directly plating a Cu—Ga mixed or alloy layer onto the base.
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In a preferred embodiment of the present invention the
Cu—Ga alloy layer 23 1s electrodeposited from a suitable
clectrolyte onto the conductor 22 as shown in FIG. 7. The
substrate 23 may be a rigid or tlexible conductor or insulator
material such as a metal or glass sheet or a metallic or
insulating foil. Metallic foils include Ti, stainless steel or Mo
toils. Insulating foils include those made from high-tem-
perature materials and polymers such as polyimides and
mica. The conductor 22 comprises materials that make good
ohmic contact to the absorber layer after it 1s fully formed.
Such ohmic contact materials include Ti, Mo, W, Ta and
their nitrides. The Cu—Ga alloy layer 25 may contain 5-50
atomic % Ga, preferably 10-30 atomic % Ga. The thickness
of the Cu—Ga alloy layer 25 may be 1n the 100-500 um
range. Electrodeposition may be carried out using glycerine
based electrolytes containing Ga and Cu 10ns. Gallium and
Cu 1on sources may be metal salts such as copper and
gallium chlorides, which are dissolved into the glycerine
solution with the help of weak acids such as citric acid or
tartaric acid. Electrodeposition may be carried out at room
temperature or 1n chilled electrolytes kept at 5-15° C. Plating,
current densities may be in the range of 0.5-40 mA/cm?,
preferably in the range of 1-20 mA/cm®. Gallium-to-Cu ratio
in the electrolyte may be changed 1n the range of 0.3-5 to
control the Ga/Cu ratio 1n the deposited film. Deposited
layers may contain at least one of the alloy species such as
Cu,Ga,, Cu,Ga, and CuGa,. In one preferred embodiment
the Cu—Ga layer comprises a solid solution that can be
represented by the chemical formula ot Cu,_ ,Ga, where X
1s less than or equal to about 0.20. Gallium 1s tightly bound
to Cu 1n this solid solution composition, which 1mproves
stability and repeatability of the process disclosed in this
invention. It 1s important that the Cu—Ga alloy layer does
not contain a substantial amount of free Ga phase. To avoid
such a situation, after deposition of a Cu—Ga layer on the
base 24 (F1G. 7), the structure may be annealed for a suitable
period of time to assure complete alloying of Cu and Ga. For
example, after electrodeposition of the Cu—=Ga layer on the
base, the “base/Cu—Ga layer” structure may be annealed at
a temperature range of 50-500° C., preferably at a tempera-
ture range of 100-200° C. for a period of 1 second to 15
minutes, preferably 5 seconds to 1 minute. Annealing may
be carried out i air, vacuum, mnert gas or reducing atmo-
sphere, using a furnace, oven or rapid thermal annealing
system. Laser annealing, or microwave annealing may also
be employed. In laser annealing the Cu—Ga layer 1s
exposed to a large area beam of a laser such as a CO, laser,
YAG laser or Ar laser for a short period of time, such as a
few seconds, to promote alloying.

After annealing, the Cu—Ga alloy layer 25 i1s fully
formed and an In layer 26 is electroplated over the Cu—Ga
alloy layer 25. Indium plating may be carried out using
well-established electrolytes such as the In-sulfamate elec-
trolyte, which 1s commercially available from Indium Cor-
poration of America. The plating current density may be in
the range of 10-100 mA/cm?®, preferably in the range of
20-50 mA/cm” for this process. The thickness of the In layer
may be 1n the 200-1000 nm range depending upon the
thickness of the Cu—=Ga alloy layer and the desired Cu/(In+
(Ga) and Ga/(Ga+In) molar ratios. Once the structure of FIG.
7 1s obtained i1t may be reacted with Group VIA materials to
form the compound layer as described before.

Referring back to the 1ssue of micro-scale non-uniformi-
ties, forming a first metallic precursor sub-layer comprising,
at least one Group IB material and then depositing a second
metallic Group IIIA-rich precursor sub-layer over the first
sub-layer in a manner that provides a substantially flat
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surface topography for the overall metallic precursor has
certain benefits. FIG. 8a shows an exemplary first metallic
precursor sub-layer 83 formed on the base 82 comprising a
substrate 80 and a contact film 81. The first metallic pre-
cursor sub-layer has a surface topography with thick regions
84 and thin regions 85. As described before in reference to
FIG. 2b, such non-uniform surface may result from the
de-wetting or balling phenomena when, especially Group
IIIA-rich films are deposited over films comprising at least
one Group IB matenial, or as seen 1n FIG. 3b, such surfaces
may form upon heat treatment ol metallic precursors com-
prising Group 1B and Group IIIA materials. The sub-layer
83 may result from annealing of the Cu—Ga layer of FIG.
7 as described earlier. The average thickness of the sub-layer
may be 1n the range of 200-2000 nm and the local variation
in the thickness may be as large as +/-70% of the average
thickness. For example, an exemplary sub-layer with an
average thickness of 600 nm may have thin areas as thin as
180 nm and thick regions as thick as 1020 nm. What ever i1s
the origin, such non-uniformities are detrimental to micro-
scale compositional uniformity of the precursor films and
the compound layers obtained using them. Furthermore, as
discussed betfore the thick regions 84 are usually richer 1n
low melting Group IIIA materials compared to the thin
regions 85. To overcome this problem FIG. 85 demonstrates
a process step that deposits a second metallic Group IIIA-
rich precursor sub-layer 86 over the first sub-layer 83 1 a
manner that levels the surface topography. This way a
thicker Group IIIA-rich layer 1s deposited over the thin
region 85 of the first sub-layer 83, and a thinner Group
IITIA-rich layer 1s deposited over the thick region 84 of the
first sub-layer 83. If the thin and thick regions were poor and
rich in Group IIIA material, respectively, it can be seen that
the relatively flat Group IIIA-rich layer 86 compensates for
the micro-scale compositional non-umiformities and yields a
more compositionally and structurally uniform precursor
stack 87 that can be reacted with Group VIA matenals to
form a high quality Group IBIIIAVIA compound layer.
Electrodeposition and electroless deposition techniques
are wet processing approaches that have unique qualities to
practice the mvention disclosed above. Solutions or electro-
lytes used for the above techniques may be formulated to
obtain “leveled” deposits on rough surfaces. Various organic
and 1mnorganic additives may be utilized 1n such electrolytes
to enhance deposition 1n the valleys or low surfaces on the
substrate while suppressing deposition on the peaks or high
points. Therefore, 11 a Group IIIA-rich sub-layer was elec-
troplated on the first metallic sub-layer 83 of FIG. 8a, for
example, plating would be enhanced over thin regions 85
and suppressed over thick regions 84, yielding a metallic
Group IIIA-rich sub-layer 86 with surface profile very
similar to that shown i FIG. 85. Many different types of
additives may be used 1n the electrolytes or solutions to
achieve the above described leveling eflect. These include
accelerators, inhibitors, levelers, surfactants etc. that com-
prise chemicals such as thiourea, polyethylene glycol, poly-
cther sulfides, mercapto compounds, coumarin, aromatic
sulfonamides, saccarin, bis-sodium sulfopropyl disulfides,
high molecular weight polymers with amine or amide func-
tional groups etc. Valleys with widths as small as 10-100 nm
or even smaller may be preferentially filled and leveled with
an electroplated material, such as a Group IIIA-rich sub-
layer, using such additives in the electroplating solution.
It should be noted that electroplating or electroless plating
of a Group IIIA-rich surface film over a previously prepared
substantially metallic precursor layer has the benefits of, 1)
covering up and adjusting the composition of any regions
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that may contain excess Group IB materials, which after
formation of the Group IBIIIAVIA layer and solar cell
devices would cause shunting and device performance
reduction, 11) flattening the surface morphology of the over-
all precursor layer and the compound film after reaction with
Group VIA materials so that better quality junctions may be
tormed by the deposited CdS layer or other junction forming
material, 1) densification of the surface layer of the overall
precursor layer so that after compound formation better
junctions may be fabricated using such compound layers.
These benefits are applicable to fixing problems with pre-
cursor layers that are deposited by other techniques also. In
this case the electrodeposition step which applies a Group
IIIA-rich layer on a previously formed precursor layer may
be considered to be a surface treatment step that improves
surface morphology, increases density and improves the
micro-scale compositional uniformaity.

For example, FIG. 9 shows a metallic granular precursor
layer 93 that may be formed on a base 92 by a nano-particle
deposition approach such as spraying or doctor-blading of a
Cu, or Cu—In, or Cu—=Ga, or Cu—In—Ga containing nano
particle ink. Nano particles 1n this case may be <200 nm in
s1ze and they may be dispersed 1n a solvent such as water,
alcohol or ethylene glycol with the aid of well known
organic surfactants and dispersing agents to form an ink. The
granular precursor layer 93 may be 1n 1ts as-deposited form
or 1t may have been subjected to a treatment step such as an
annealing step at an elevated temperature, such as at 100-
400° C., for the purpose of at least partially fusing the nano
particles to each other and to the contact film 91 of the base
92. Alternately the granular precursor layer 93, 1n general,
may be any substantially metallic precursor layer with poor
surface morphology and/or poor micro-scale compositional
uniformity prepared by any method. For example the pre-
cursor layer may be obtained by first depositing on the base
an 1nk of oxide particles comprising Cu, In and Ga to form
an oxide film and then reducing the oxide film to obtain a
substantially metallic film contaiming, for instance, more
than 90 molar percent metallic components comprising Cu,
In and Ga. As can be seen from this figure, the top surface
of the granular precursor layer 93 1s rough due to the
granular nature of the nano particles or the heat treatment or
reduction steps typically used to form the precursor layer.
There are many gaps, which may be micron or sub-micron
in size at or near the surface. As an example, the precursor
layer may have a thickness of 200-2000 nm and its surface
roughness maybe i1n the order of 50-500 nm. A Group
IIIA-rich layer 94 1s electrodeposited over the rough surface
of the precursor layer 93 to form an overall precursor layer
96 with a surface 95 which 1s substantially free of roughness
and porosity. For example, the surface 95 may have a
roughness in the order of 5-10 nm. This 1s achieved because
the plating solution has the capability to get into the smallest
cavities or pores and then fill them up as described in
relation with FIG. 8b. The precursor layer 93 may be
Cu-rich, 1.e. Cu/In, or Cu/Ga or Cu/(In+Ga) ratio 1s >1. In
this case the Group IIIA-rich layer 94 may comprise In
and/or Ga and may be plated out of electrolytes containing
leveling or gap-filling additives. The Group IIIA-rich layer
may also comprise a plurality of layers such as In and Ga
layers. The thickness of the Group IIIA-rich layer 1s adjusted
to yield an overall desired stoichiometry or composition for
the overall precursor layer 96. Alternately, the precursor
layer 93 may have a Cu/In or Cu/Ga or Cu/(In+Ga) ratio of
1 or <1. In this case a thinner Group IIIA-rich layer would
be needed. The precursor layer 93 may also be substantially
made of Cu particles. In this case In and/or Ga 1s electrode-
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posited on this rough and porous Cu layer to adjust the
overall composition to a desired Cu/In, Cu/Ga or Cu/(In+
(a) ratio and at the same time fill in the pores and level the
surface of the overall precursor layer for high quality com-
pound {ilm formation after reaction with at least one Group
VIA matenal.

Schematic of an apparatus 40 that may be used for the
clectrodeposition steps of the present invention above-de-
scribed processing steps 1s shown 1n FIG. 10. The apparatus
will be described by taking as an example electrodeposition
of Cu—Ga and In. It would be obvious to those skilled 1n the
art that the general design of the apparatus of FIG. 10 may
be used to practice all electroplating related embodiments of
this invention. The apparatus 40 m FIG. 10 1s an in-line
system comprising multiple stations. The apparatus 40 pro-
cesses a substrate 40a, which may be 1n the form of a flexible
fo1l or a rigid sheet. Depositions are carried out on the
conductor 41, which 1s previously coated on one face of the
substrate 40a. First a Cu—Ga layer 1s deposited on the
conductor 41 1 the Cu—Ga electroplating station 42a.
Copper-Ga clectroplating station 42a comprises an electro-
plating cell 45, with an enclosure 52 that receives the
clectroplating solution through inlet 50 and delivers 1t onto
the surface of the conductor 41 through opening 351. Elec-
troplating solution flows 1n the direction shown by arrows
48. An anode 47 1s placed into the enclosure 52, which 1s
made of an insulating material such as polypropylene. The
anode 47 may be made of an inert material such as Pt or
Pt-coated 11, or 1t may be a Cu or Cu—Ga alloy anode. The
anode 47 may have pores or holes 1n 1t to allow the plating
solution to flow through. Electrical contacts 46 are provided
to soitly touch the surface of the conductor 41. It should be
noted that if the process 1s carried out in the m-line mode,

the substrate 40a continuously moves 1n the direction “P” as
the Cu—Ga layer 1s deposited. Therefore, while the first
contact 46a touches the surface of the conductor 41 before
plating, the second contact 465 touches the surface of the
Cu—Ga layer that has just been deposited through the
opening 51 onto the conductor 41. In that respect, scratching
of the Cu—Ga surface by the second contact 465 should be
avoided by using lightly touching, spring loaded or roller
type contacts. It 1s also possible to use only one set of
contacts (first contact 46a) eliminating the second contact
46b. Although two contacts are schematically shown 1n FIG.
4, 1t should be understood that any number of contact may
be used as long as they are outside the area defined by the
opening 51. If the substrate 40a 1s conductive, then electrical
contacts may be made on the back surface 405, eliminating
any concerns about scratching the deposited layers.

During electrodeposition, a voltage 1s applied between the
contacts 46 and the anode 47 to render the contacts and
therefore the conductive surface of the substrate more
cathodic. This causes deposition to take place on the con-
ductive surface of the substrate. Plating solution 1s directed
through the opening 51 onto the surface of the conductor 41
and then flows towards outside of the enclosure 352 to be
collected, refurbished and re-circulated. The opening 51
may be 1n the form of a near-rectangular slit. The plating
current density employed, the width of the slit in the
direction P, and the speed of the substrate motion utilized
determine the thickness of the Cu—Ga layer obtained on a
portion of the substrate traveling above the opening 51. The
length of the slit (1n a direction perpendicular to P) deter-
mines how large a substrate 1s processed and the throughput
of the apparatus 40. The width of the opening 51 or slit may
be 1n the 1-10 cm range, whereas, 1ts length may be 1n the
range of 30-120 cm.
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As the surface of the conductor 41 1s coated with the
Cu—Ga layer, 1t moves to a rinse/dry station 43 where the
surface of the Cu—Ga layer 1s rinsed and cleaned off any
chemical residues. After rinsing, the surface may be dried by
blowing air or nitrogen over 1t. After rnsing and drying, the
portion of the surface already coated with Cu—Ga moves
into the anneal station 44. As described before, use of an
anneal station 44 1s optional but it 1s preferable to assure
good compositional control. If the electrodeposition step
carried out 1n the Cu—GQGa electroplating station 42a vyields
a Cu—~@Ga layer that 1s fully alloyed, there may not be a need
for an anneal station 44. In the anneal station 44 the freshly
deposited Cu—Ga layer 1s exposed to heat originating from
a heat source 55. The heat source 55 may be a resistive
heating element, a bank of heating lamps, a laser beam efc.
as described belore. The Cu—Ga layer 1s annealed 1n the
anneal station 44 to assure substantial alloying between Cu
and Ga and formation of a Cu—Ga alloy layer. Once the
Cu—Ga alloy layer 1s formed on the surface of the conduc-
tor 41, 1t moves into the In electroplating station 4256 for the
deposition of an In layer to obtain the precursor structure
such as the one shown 1n FIG. 7 or 8b. The In electroplating
station may be very similar to the Cu—Ga electroplating
station and therefore its details have not been shown 1n FIG.
10. The anode 1n this case may be an inert anode or an In
anode. The width of the opening, and the plating current
density are selected to yield the desired In layer thickness
and the desired overall Cu/(In+Ga) and Ga/(Ga+In) ratios.
Since the preferred mode of operation for the apparatus 40
in FIG. 10 1s “in-line”, the speed of the substrate 40a 1n
direction P 1s the same for all steps that are carried out 1n a
serial mode. Therefore, thickness of various layers electro-
plated may be controlled by the plating current densities
employed at each process station. It should be understood
that various stages of the present immvention may also be
carried out in separate pieces of equipment. For example,
Cu—Ga electroplating and annealing may be carried out 1n
one apparatus and In electroplating may be carried out 1n a
separate apparatus. Although four process stations are
shown 1n FIG. 10, many numbers of process stations may be
added to the apparatus of FIG. 10. For example, multiple
Cu—Ga clectroplating stations and In electroplating sta-
tions, and anneal stations may be employed to increase
throughput. To practice the inventions described through
FIGS. 6a-6d, two or more units shown 1 FIG. 10 may be
added 1n series. Even selenization/sulfidation stations may
be added at the end to react the freshly deposited Cu—Ga/ln
precursor stacks with Group VIA materials to form the
compound layers as will be described later.

In another preferred embodiment of the present invention
a Cu—=Ga alloy layer 1s formed by reacting a Cu layer with
a Ga-bearing layer. FIG. 11a shows a base 240 coated with
a Cu layer 300. The Cu layer 300 1s preferably deposited on
the conductor 220 through electrodeposition, although other
well-known film deposition techniques may also be used.
After deposition of the Cu layer 300, a Ga-bearing layer 310
1s deposited over the Cu layer 300 as shown 1n FIG. 115. The
Ga-bearing layer 1s preferably a Ga layer but may also
comprise a Ga—In alloy. The Ga-bearing layer 1s preferably
deposited using electroplating, although other thin film
deposition techmques may also be used. Since Ga and
Ga—In alloys melt at low temperatures of <156° C., tech-
niques such as melt spraying or dipping may also be utilized
for deposition of these materials. In dipping techniques the
substrate 1s dipped into and withdrawn from a melt which
may be a melt of Ga or Ga and In. In this case a small
amount of Cu (1-10%) may also be included in the melt to
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avoid leaching of the Cu from the electrodeposited Cu layer
300 mto the melt. Once the stack of Cu layer 300 and the
Ga-bearing layer 310 are formed as shown 1n FIG. 115, the
stack 1s annealed as described before to form a Cu—Ga alloy
layer 320 as shown in FIG. 11c¢. The Cu—Ga alloy layer
may also contain some In in the form of elemental In, or
Cu—1In alloys or In—Ga alloys, if the Ga-bearing layer 310
contains In. Atomic % of In in the Ga-bearing layer is
preferably in the range of 0-20%. Thus the melting point of
the Ga-bearing layer i1s preferably below 30° C. After the
annealing step and formation of the Cu—=Ga alloy layer 320,
an In layer 1s deposited, preferably by electrodeposition,
over the Cu—Ga layer to obtain a structure similar to the one
in FIG. 7. A preferred process tlow of this invention which
uses low-cost, large area deposition approaches 1s; a) elec-
trodeposition of a Cu layer on a base, b) electrodeposition of
a Ga layer over the Cu layer, ¢) annealing of the Cu/Ga stack
to form a Cu—Ga alloy layer, and d) electrodeposition of an
In layer over the Cu—Ga alloy layer to form a precursor
layer as shown 1n FIG. 7. The apparatus of FIG. 10 may be
casily configured to carry out these process steps. Elec-
trodeposition of In from electrolytes with leveling ability
addresses any roughness and micro-scale compositional
non-uniformity issues that may be present in the Cu—Ga
alloy layer as described before 1n relation with FIGS. 8a and
8b.

Reaction of metallic precursors with Group VIA materials
may be achieved various ways. In one embodiment the
precursor layer 1s exposed to Group VIA vapors at elevated
temperatures. These techniques are well known 1n the field
and they involve heating the precursor layer to a temperature
range ol 350-600° C. 1n the presence of at least one of Se
vapors, S vapors, and Te vapors provided by sources such as
solid Se, solid S, solid Te, H,Se gas, H,S gas etc. for periods
ranging from 5 minutes to 1 hour. In another embodiment a
layer or multi layers of Group VIA materials are deposited
on the precursor layer and the stacked layers are then heated
up 1n a furnace or 1n a rapid thermal annealing furnace and
like. Group VIA materials may be evaporated on, sputtered
on or plated on the precursor layer. Alternately inks com-
prising Group VIA nano particles may be prepared and these
inks may be deposited on the precursor layers to form a
Group VIA material layer comprising Group VIA nano
particles. Dipping, spraying, doctor-blading or ik writing
techniques may be employed to deposit such layers. Reac-
tion may be carried out at elevated temperatures for times
ranging from 1 minute to 30 minutes depending upon the
temperature. As a result of reaction, the Group IBIIIAVIA
compound 1s formed from the precursor. It should be noted
that reaction chambers may be added to the apparatus of
FIG. 10 to carry out the whole process in-line.

Solar cells may be fabricated on the compound layers of
the present invention using materials and methods well
known 1n the field. For example a thin (<0.1 microns) CdS
layer may be deposited on the surface of the compound layer
using the chemical dip method. A transparent window of
/Zn0O may be deposited over the CdS layer using MOCVD or
sputtering techniques. A metallic finger pattern 1s optionally
deposited over the ZnO to complete the solar cell.

Although the present invention 1s described with respect
to certain preferred embodiments, modifications thereto wall
be apparent to those skilled in the art.

I claim:

1. A method of growing a Group IBIIIAVIA semiconduc-
tor layer on a base comprising;

depositing on the base a film of Group IB material and at

least one layer of Group II1A material, both the film and
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the at least one layer having no substantial amount of
a Group VIA matenial therein;

intermixing the film of Group IB material and the at least
one layer of Group IIIA matenal to form an intermixed
layer that has no substantial amount of a Group VIA
material; and

forming over the mtermixed layer a metallic film com-
prising at least one of a Group IIIA material sub-layer
and a Group IB material sub-layer; and

reacting the intermixed layer and the metallic film with a
Group VIA material to grow the Group IBIIIAVIA
semiconductor layer.

2. The method according to claim 1 wherein the step of
forming the metallic film over the intermixed layer includes
the steps of forming a first Group IIIA material layer and a
separate Group IIIA matenial layer as the Group IIIA mate-
rial sub-layer.

3. The method according to claim 1 wherein the step of
intermixing includes a step of heating the film of Group IB
material and the at least one layer of Group IIIA material to
a temperature 1n the range of 50-350 degrees Celsius.

4. The method according to claim 3, wherein the step of
heating 1s carried out for a period of 2-600 seconds, and the
intermixed layer 1s substantially alloyed throughout, thereby
achieving substantially uniform micro-scale composition.

5. The method according to claim 1 wherein the at least
one layer of Group IIIA maternial has a thickness that
substantially prevents balling phenomenon 1n the intermixed
layer.

6. The method according to claim 5 wherein the molar
ratio of Group IB material to Group IIIA matenial 1n the
intermixed layer 1s larger than 1.0.

7. The method according to claim 1 further including a
step of annealing the intermixed layer and the metallic film
alter the step of forming, to produce an annealed layer.

8. The method according to claim 7 wherein the step of
annealing 1s carried out at a temperature of 50-350 degrees
Celsius.

9. The method according to claim 7 further repeating the
steps of depositing, intermixing, forming and annealing at
least once to form a precursor layer.

10. The method according to claim 1 wherein the steps of
depositing and forming are each performed using elec-
trodeposition and the Group VIA material includes at least
one of selentum and sulfur.

11. The method according to claim 1 wherein the steps of
depositing and forming are each performed using elec-
trodeposition.

12. A method of growing a Cu (In,Ga) (Se,S), semicon-
ductor layer on a base comprising;

depositing on the base a film of copper and at least one of

a layer of indium and a layer of galllum, both the film
and the at least one layer having no substantial amount
of a Group VIA material therein;
intermixing the film of copper and the at least one of the
layer of indium and the layer of gallium to form an
intermixed layer that has no substantial amount of a
Group VIA matenal; and

forming over the intermixed layer a metallic film com-
prising at least one of an indium sub-layer, a galllum
sub-layer and a copper sub-layer; and

reacting the intermixed layer and the metallic film with a

Group VIA material to grow the Group IBIIIAVIA
semiconductor layer.

13. The method according to claim 12 wherein the step of
intermixing includes a step of heating the film of copper and
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the at least one of the layer of indium and the layer of
gallium to a temperature in the range of 50-350 degrees
Celsius.

14. The method according to claim 13, wherein the step
of heating 1s carried out for a period of 2-600 seconds, and
the intermixed layer i1s substantially alloyed throughout,
thereby achieving substantially uniform micro-scale com-
position.

15. The method according to claim 14 wherein the molar
ratio of copper to indium plus gallium 1n the mmtermixed
layer 1s larger than 1.0.

16. The method according to claim 14 wherein each of the
steps of depositing and forming are performed using elec-
trodeposition.

17. The method according to claim 12 wherein the step of
depositing deposits on the base the film of copper, and both
the layer of indium and the layer of gallium, and wherein the
step of intermixing itermixes the film of copper, the layer
of indium and the layer of gallium to form the intermixed
layer.

18. The method according to claim 17 wherein the metal-
lic film comprises the mdium sub-layer and the gallium
sub-layer and the copper sub-layer.

19. The method according to claim 18 wherein the step of
reacting the intermixed layer and the metallic film reacts the
intermixed layer and the metallic film with at least one of
sulfur and selemum to grow the Cu (In,Ga) (Se,S), semi-
conductor layer.

20. The method according to claim 12 wherein the metal-
lic film comprises the mdium sub-layer and the gallium
sub-layer and the copper sub-layer.

21. The method according to claim 12 wherein the step of
reacting the intermixed layer and the metallic film reacts the
intermixed layer and the metallic film with at least one of
sulfur and selenium to grow the Cu (In,Ga) (Se,S), semi-
conductor layer.

22. The method according to claim 12 wherein the step of
depositing deposits on the base the film of copper and the
layer of indium.

23. The method according to claim 22 wherein the molar
ratio of copper to indium 1n the intermixed layer 1s larger
than or equal to 1.22.

24. The method according to claim 22 wherein the metal-
lic film comprises the gallium sub-layer.

25. The method according to claim 24 wherein the step of
reacting the intermixed layer and the metallic film reacts the
intermixed layer and the metallic film with at least one of
sulfur and selemum to grow the Cu (In,Ga) (Se,S), semi-
conductor layer.

26. The method according to claim 24 wherein the film of
copper, the layer of indium and the gallium sub-layer are
clectrodeposited.

277. The method according to 22 wherein the metallic film
comprises the copper sub-layer and the gallium sub-layer.

28. The method according to 27 wherein the molar ratio
of copper to indium in the itermixed layer 1s 1.22 and the
molar ratio of copper to gallium in the metallic film 1s 0.5.

29. The method according to claim 28 wherein the step of
reacting the intermixed layer and the metallic film reacts the
intermixed layer and the metallic film with at least one of
sulfur and selenium to grow the Cu (In,Ga) (Se,S), semi-
conductor layer.

30. The method according to claim 12 wherein the step of
depositing deposits on the base the film of copper and the
layer of gallium.
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31. The method according to claim 30 wherein the molar 34. The method according to claim 32 wherein the film of
ratio of copper to gallium 1n the intermixed layer 1s larger copper, the layer of gallium and the indium sub-layer are
than or equal to 1. | | | electrodeposited.
lic3§1'n?£§ll§?;i ?ﬁzoilfé%nioszﬁjg y::;l(*]. wherein the metal- 5 35. The method according to claim 12 wherein each of the
33. The method according to claim 32 wherein the step of steps of .d.epositing and forming are performed using elec-
reacting the intermixed layer and the metallic film reacts the trodeposition.

intermixed layer and the metallic film with at least one of
sultur and selenium to grow the Cu (In,Ga) (Se,S), semi-
conductor layer. I
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